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In-situ monitoring (ISM) has come of age in the past couple of years and will be a critical component of 
metal-organic vapour phase epitaxy (MOVPE) R&D and production systems into the new century. This 
overview focuses on commercial MOVPE applications for ISM and reflects the comments of representative 
suppliers and users of the equipment. 
A 
t the outset it should be not- 
ed that this article is largely 
restricted to coverage of 
MOVPE but that is not to say that 
ISM is unimportant for other branch- 
es of epitaxy. For example, ISM has 
long been a feature of MBE but the 
emphasis of this article is that optical 
ISM is finaUy coming of age and be- 
ing looked at seriously for produc- 
tion MOVPE systems rather than 
being just a bolt-on in a research lab. 
The reasons for this change are 
two-fold. One is the improvement in
techniques, in particular the use of 
interferometry, which provide the in- 
formation needed for a production 
system and are easier to implement. 
In other words, you no longer have 
to build the MOVPE system around 
the in-situ diagnostic tool.The other 
reason is that the growth of the very 
important III-nitrides is not as well 
behaved as some CmAs and InP- 
based systems, making monitoring 
essential. 
This article will attempt o ad- 
dress each of the key issues and 
look ahead to the future prospects 
of this intriguing MOVPE tech- 
nique. 
Drivers 
provement  in process yields, espe- 
cially once the larger diameter 
(>100 mm) wafers come into com- 
mon use. ISM also stands to make a 
major contr ibution to overall 
yields via its ability to provide 
timely alerts to the grower should 
'process fatalities' occur. Early 
warning of such an occurrence 
will enable the prevent ion of fur- 
ther wasteful processing steps for 
what  will be a useless wafer. 
Throughout he semiconductor 
industry, and not just in III-V epi- 
taxy, optical probing methods are 
being developed to measure such 
parameters as temperature, surface 
composition, layer thickness and re- 
fractive index on the wafer during 
growth. ISM methods can also be 
used to measure and control the 
chemical composit ion and flux of 
chemical vapour source beams 
used for deposition of semiconduc- 
tors and other materials. 
ISM is not just required for R&D: 
device makers and epiwafer manu- 
facturers such as laser diode pro- 
ducers are in dire need of ISM. It has 
become vitally important to be able 
to measure the actual temperature 
on the wafers as they are grown. 
For example, in the manufacture of 
lasers such as DFBs or VCSELs, after 
visual inspection manufacturers 
presently have to reject as much as 
half of the epi as being unaccept- 
able for further processing, ff tem- 
perature control were available the 
reject rate would, it is said, be re- 
duced to near zero. Thus ISM has 
potentially great impact on yields 
and thereby costs. 
Real-time diagnostics and closed- 
loop control in epitaxial processes 
are the principal drivers for in- 
situ, real-time, non-invasive tech- 
niques. They are generally agreed 
to provide the most promising and 
cost-effective method for precise 
control of  epitaxy in the future. 
They stand to offer the best im- 
Optical diagnostics have the ad- 
vantage that they can be used at at- 
mospher ic  pressure. They can also 
be used at reduced pressure even 
in the presence of plasmas. 
Because they are located outside 
the reactor vessel they do not in- 
terfere with the ongoing process. 
Also, since they have low incident 
energy and are non-contacting, 
they have minimal effect on the 
growing epilayer.They can be used 
for a variety of reactor susceptor 
and heater configtwations o that 
they can be used for either fixed or 
rotating wafer systems. 
The measurement  parameters 
for which ISM control will be im- 
portant include (individually or 
collectively): 
• Temperature measurement  
• Flux measurement - for chemical 
composit ion and concentration 
• Growth and etch rates 
• Surface composit ion 
• Particulate detection. 
Add-ons 
Perusal of  the l iterature and con- 
ference proceedings of the past 
couple of years reveals a marked 
increase in interest in ISM. This is 
also demonstrated by more  and 
more appl ications of the tech- 
nique. Indeed, most  of these 'add- 
on' or 'built-in' ISM systems have 
f rom t ime to t ime been advertised 
in this magazine. Notably, ISM sys- 
tems are generally offered by the 
wel l -known suppl iers of equip- 
ment  to the epitaxy market. 
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systems have 
, rom specialist sup- 
.Jpheral MOVPE equip- 
~gome time. For example, 
mrs ago this magazine ran ad- 
dsements for the NTM1 system 
,rom the Israel-based company CI 
Systems. This was a dual-channel 
electro-optical monitor  for temper- 
ature measurement  for MBE or 
MOVPE. The NTM1 is a mostly 
R&D-oriented tool, and newer  sys- 
tems such as the NTM3 and NTM5 
are production-oriented. "The 
NTM5 is sophisticated tool, which 
enables accurate temperature mon- 
itoring for just about any environ- 
ment  and any wafer" says CI. "The 
NTM3 is a high performance py- 
rometer, simpler to operate and 
cost-effective. The NTM 500 is our 
newest product, it is a pyrometer  
which incorporates real-time, same- 
point emissivity measurement and 
compensat ion making it the ideal 
solution for a large variety of sili- 
con-based processes uch as PVD, 
CVD, RTE, RTCVD and others." 
The rationale for this article is 
that while the technique has been 
important for R&D for some time, 
it looks set to become critically im- 
portant for future mass product ion 
requirements in the growth of a 
range of different semiconductor  
materials. This applies equally well 
to silicon as well  as compotmd 
semiconductor  processes. This 
goes a long way to explain the in- 
creased level of interest f rom the 
bigger players in the field. ISM is 
becoming an important market 
sector due to strong customer 
demand. 
However, no ISM system can be 
described as an inexpensive addi- 
tion to a reactor. Opinions differ as 
to the likely price because this will 
depend on many factors and as 
with most of these things, will be 
'commercia l  in conf idence'  be- 
tween the client and supplier. The 
actual cost of  ISM depends on your 
point of view. 
As with any epitaxy system, 
there has to be a good reason for 
using it in the first place. But the 
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Figure 1. Process window definition for successive GaN and InGaN growth. (Courtesy of 
AIXTRON.) 
most appropr iate v iewpoint  on the 
matter of cost is that of total 'cost- 
of-ownership'  (CO0).  As we shall 
see, ISM is there because of the 
overall savings it will make to the 
operating costs of the growth sys- 
tem. 
Today, in MOVPE it is not a 
straightforward matter to directly 
monitor most kinds of epitaxy 
process.As a result, it is not possible 
to provide closed loop controllabili- 
ty of the growth process. Moreover, 
there are two material systems that 
exhibit particular difficulty with re- 
spect to controllability: 
• The ternary and quaternary semi- 
conductors are needed for mid-IR 
to visible (yellow) wavelengths. For 
these it is important hat materials 
and device specifications uch as 
stoichiometry, strain, doping, homo- 
geneity, and so on are met and re- 
producible. Commercially speaking 
this is a very important family of op- 
toelectronic devices; its market val- 
ue is worth several billion dollars 
annually and over two thirds of 
these devices are manufactured by 
MOVPE. 
• Another important material sys- 
tem is the family of III-nitrides, 
i.e. A1GaN and InGaN. These have 
especially challenging growth re- 
quirements uch as high tempera- 
tures (>1000°C) and need very 
close control so as to provide pre- 
cise layers on dissimilar substrates 
such as sapphire (Figure 1). 
Naturally, these materials are cur- 
rently of great interest to many 
companies around the world and 
this has served to heighten the in- 
terest in ISM. Ideally, these and oth- 
er systems require ergonomic, 
cost-effective real-time monitoring 
techniques and closed-loop feed- 
back control of the epilayer growth. 
Preferably, this would be optical on- 
ly and therefore fully compatible 
with all types of MOVPE epitaxial 
reactors in use today and tomor- 
row. To date, most MOVPE equip- 
ment suppliers have ISM available 
as an option. As an indicator of the 
level of industry interest these are 
proving quite popular and there 
have been several announcements 
in recent months of systems with 
ISM built-in. 
III-Vs 
An example of the application of 
ISM in the InP area comes from 
Prof. Jagadish of the Australian 
National University, Canberra, who 
has recently purchased an AIX 
200/4 system equipped with ISM 
for growth study R&D of VCSELs 
and InP-based laser structures. "The 
system is configured to grow either 
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InP or GaAs-based structures", says 
Prof. Jagadish. "We are excited 
about the new opportunities in 
both the physics of nanostructures, 
such as quantum wires and quan- 
tum dots, and applications in semi- 
conductor optoelectronic devices 
such as VCSELs, high power lasers, 
photo detectors and modulators." 
A new pan-European ISM pro- 
ject will have a major impact on the 
future development of commercial 
ISM. AIXTRON will soon begin an 
RTD project within the Fifth 
Framework programme for re- 
search, technological development 
and demonstration  competitive 
and sustainable growth. Dr Michael 
Heuken of AIXTRON's R&D lab ex- 
plained the project: "The milestones 
of this shared cost, 3-year project in- 
clude combining the MOVPE with 
the embedded optical and XRD sen- 
sors; then making in-situ measure- 
ments, to interpret he measured 
data in terms of stoichiometry, 
roughness, voids, interface and sur- 
face quality, growth rate, homogene- 
ity and doping; and feeding the 
information back to crystal growth. 
We will correlate x-situ data with 
that from the in-situ data to devel- 
op a closed loop control system." 
AIXTRON is presently working 
closely with LayTec, which is a 
commercial spin-off from the 
Technical University of Berlin. "We 
have a reactor equipped with a 
LayTec RAS system here in our lab 
which has already shown very 
good improvements in process 
control for a wide range of growth 
processes and materials."A repre- 
sentative demonstration f the ca- 
pability of the system is shown in 
Figure 2. 
Temperature 
From the USA, EMCORE recently 
launched its proprietary wafer 
temperature measurement sys- 
tem, called 'RealTemp' (Figure 3). 
EMCORE claims that RealTemp is 
the first commercially available 
instrument that accurately deter- 
mines true substrate temperature. 
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Figure 2. RAS real-time monitoring of the growth of a GaAs/InGaP-HBT (left). A schematic of 
the HBT device, according to Zettler et aL (J. Crystal Growth, 195 (1998), p. 151), is shown to 
the right. (Courtesy of AIXTRON.) 
This development enables epi 
growers to improve the yield of 
highly sensitive materials by facili- 
tating a more efficient, accurate 
and cost-effective production 
process. 
According to Rick Stall, 
EMCORE's chief technology offi- 
cer, "Repeatability of the epitaxial 
process is critical to device manu- 
facturers, especially as these 
devices move into high volume 
production runs". Before the devel- 
opment of RealTemp, the reliable 
measurement and control of tem- 
perature on wafers during the 
epitaxial growth process present- 
ed significant challenges, uch as 
the constantly changing emissivity 
of epitaxy. "RealTemp solves 
these challenges using emissivity- 
corrected pyrometry to overcome 
the inaccuracies typically involved 
in conventional pyrometry." 
By simultaneously measuring, 
in-situ, the emissivity and radiance 
from the substrate, the accurate 
surface temperature of the sub- 
strate can be determined in real 
time, without disrupting the 
growth process. A novel, real-time 
emissivity sorting algorithm is used 
to ensure that emissivity and tem- 
perature measurements are collect- 
ed only from the substrate sur- 
faces. RealTemp confers the ability 
to either confirm temperature r - 
peatability or adjust the substrate 
heating system before, during, and 
after the deposition process, result- 
ing in increased stability and re- 
peatability of the epitaxial, material 
growth process. EMCORE has 
thoroughly proven and tested 
RealTemp in development work 
at the EMCORE Research and 
Applications (ERA) Lab and in 
Figure 3. EMCORE's 'RealTemp' accurately 
determines the true substrate temperature 
(courtesy of EMCORE). 
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volume product ion  runs at the 
EMCORE wafer  foundry E2M. It 
suits the family of 'TurboDisc'  pro- 
duct ion platforms used in high 
volume fabrication of opto  and 
electronic devices and is available 
in new or retro-fit configurations. 
Nitrides 
One of the key areas for applica- 
tion of ISM is in the MOVPE of III- 
nitrides. GalnN growth is not as 
well-behaved as other III-V sys- 
tems, showing anomalies such as 
roughened nucleation growth fol- 
lowed by a smoother  GaN layer. 
Prof Stuart Irvine of the Opto- 
electronic Materials Research 
Laboratory at the North-East Wales 
Institute (NEWI) explains:"My own 
background in II-VI MOVPE has 
highlighted the need for more in- 
situ diagnostics due to the non- 
classical nature of much of these 
growth processes. Much of the 
phenomena seen now in GaN 
growth we have previously ob- 
served with interferometer moni- 
toring of II-VI materials." 
IlI-Vs Review also spoke to the 
pioneering leader in the area, Dr S. 
Nakamura of Nichia Chemical 
Industries. "We are monitoring the 
growth rate and surface morpholo- 
gy and checking for the abnormal 
growth", says Nakamura, but he 
questions the need to use the data 
via any closed loop feedback sys- 
tem to control growth. "Today there 
is not the need for closed loop feed- 
back. We are just monitoring for 
any major excursions which might 
occur during the growth." 
At NEWI work has focused on 
making quantitative measurements 
that are useful to the epi grower 
and to provide a basis for in-situ 
control. "We installed one of these 
systems (called 'Epiref') for Boeing 
in Anaheim - see Figure 4 - for 
process control of their CdTe onto 
sapphire", explains Irvine."This has 
been very successful and has 
formed the basis for a modif ied sys- 
tem to cope with GaN-onto-sap- 
phire which we have been testing 
Figure 4. Interferometer, eal-time monitoring of CdTe growth at Boeing Anaheim, CA, USA. 
(Courtesy of Prof. Stuart Irvine, NEWL ) 
at the University of Gent and in 
collaboration with Edith Bourret at 
Lawrence Berkeley National 
Laboratory, California." 
The software is being l icenced 
to Thomas Swan for running its 
own interferometer, which will fit 
onto its very successful shower- 
head reactor (Figure 5). 
Techniques 
ISM techniques presently under 
consideration i clude: 
• Spectroscopic el l ipsometry (SE) 
• IR spectroscopic el l ipsometry 
(IRSE) 
• Ref lectance anisotropy spec- 
t roscopy (RAS) and ref lectrom- 
etry, 
• Raman spectroscopy (RS). 
Also under consideration is the 
non-optical technique of X-ray dif- 
fraction (XRD). However, this is 
less convenient and equipment  
cost is somewhat  higher than for 
optical techniques. 
At present, optical diagnostic is 
the most popular ISM. Some com- 
mercial reactors have already been 
equipped with it. As befits a new 
technique it does have certain 
shortcomings of which the grower 
must be aware. For example, one 
epi grower commented that the epi- 
layer being diagnosed must reach a 
thickness of the same order of mag- 
nitude as the wavelength of the 
probing light. "The test can take a 
long time and might cause an irre- 
versible growth-front. If this diag- 
nostic only took 10 s like the time 
consumption of the RHEED diag- 
nostic in the MBE system, I believe 
more growers would like to use 
ISM.Also, there is the issue of possi- 
bly losing the thickness or doping 
uniformity across an epiwager par- 
ticularly for those where uniformity 
is already less than 2%. This is be- 
cause any small aperture or clear 
window could disturb the thermal 
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Figure 5. Schematic of the interferometer set up employed at Thomas Swan (courtesy of 
Thomas Swan). 
distribution. The reactor vendors 
have to take into account his issue:' 
In summary, commercially use- 
ful ISM must provide the following 
features: 
• Reduced cost and time for deter- 
mination of process parameters for 
new MOVPE processes by at least 
50%, especially for calibration runs. 
• Reduced percentage of epi- 
wafers rejected per run. Already 
fairly small, this will be reduced to 
near-zero for commonly required 
structures such as detectors, 
VCSELs, FETs, and so on. 
• On-line monitoring and closed- 
loop control sufficiently versatile 
so as to permit the design of novel 
new device structures, e.g. custom- 
designed composit ion variation 
within a few hundred Angstroms 
or reproducible overgrowth of 
structures with cap layers, and so 
on. (MOVPE is ideal for such de- 
signs because mass flows can be 
control led without thermal dead 
times.) 
• Increased tmderstanding of the 
physical and chemical processes at 
the growing surface which should 
significantly improve understand- 
ing of reaction kinetics. 
• Improved throughput and effi- 
ciencies in material utilization and 
growth times. 
• Improved overall system safety 
via drastic reduction in wasted 
source materials, particularly the 
toxic hydrides. 
• Improved overall yields via in- 
situ diagnostics - success of the 
run (or not) is currently possible 
only after the conclusion of the 
epitaxy run - to improve quality 
and compliance of the growth 
process with device specification. 
• Reduction of 'hands on' labour 
costs at both the calibration and 
growth run stage.This i  particularly 
important so as to enable MOVPE to 
compete as effectively as possible 
with older techniques uch as LPE 
which are of very low cost. 
These techniques have to be set 
up using ex-situ techniques uch 
as SIMS, AES and EMP to 
correlate the in-situ data so as 
to develop a closed-loop control 
system. 
One of the reasons why ISM 
systems are being offered by epi- 
taxial equipment  suppliers is un- 
derstandable. The development  of 
ISM as a practical commercial  
product  cannot proceed in isola- 
tion. A holistic approach is neces- 
sary. In other words, to a large 
extent ISM systems cannot be de- 
veloped independently. This is be- 
cause they depend on many 
factors such as reactor type, 
configuration, device structure, 
materials ystem, and so on. 
Another requirement is the 
impact on available computing 
power  especially for a closed-loop 
ISM system. Data gathering will 
require fast computers able to han- 
dle a great deal of data in  
real time. 
III-Vs Review also spoke to a 
number of MOVPE users and found 
that not all merchant epiwafer sup- 
pliers presently use ISM."The point 
is that if you have stable processes 
and procedures, ISM is not ab- 
solutely essential", said one epi- 
wafer maker. "However, for process 
refinement and device develop- 
ment ISM is certainly looking to be 
indispensable. This has a lot to do 
with the commercial availability of 
systems which are very operator 
friendly and reliable:' 
Certainly, ISM must be much on 
the mind of an epi grower faced 
with the loss of an entire load of 
expensive wafers. Modern MOVPE 
can handle 8 x 3-in wafers per run 
and each run might last several 
hours. Since each wafer can pro- 
duce thousands of dice, a lot is at 
stake.Anything that can help avoid 
run failures will receive serious 
consideration from everyone in 
the business. 
Conclusions 
All of these factors lead one to sev- 
eral conclusions. Firstly, that ISM 
will add significantly to the capital 
cost of a MOVPE reactor system. 
Ideally it should be installed prior 
to purchase and then optimized by 
the operator in close co-operation 
with the system vendor. It will also 
require highly capable software for 
opt imum control of the system, 
which will probably have to be fur- 
ther customized for the particular 
application. 
That said, as one respondent 
put it: "Before long ISM will be as 
commonplace as the thermocou- 
pie. We will then wonder  how we 
ever managed without it" 
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